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Abstract 
This study evaluated ascending order of light attenuation distance (0,2,4,8 mm) and 
specimen dimensions (2x2x10, 2x2x12, 2x2x15 mm3) differing from requirements of ISO 
4049 (2x2x25 mm3) on the flexural strength of nano-hybrid resin composite. Specimens 
(N=160) were prepared accordingly and randomly assigned into groups for the factors 
studied. Specimens were photo-polymerized from increased distances through 1, 2, 3 and 5 
overlapping cycles depending on the specimen length after which they were subjected to 
three-point bending test (0.5 mm/min). Data were statistically analyzed using one-way, two-
way ANOVA and Tukey`s HSD post-hoc tests (α=0.05). Two-parameter Weibull modulus, 
scale (m) and shape (0) were calculated. Both light attenuation distance (p˂0.001) and 
specimen dimensions (p˂0.001) significantly affected the results. Regardless of the 
specimen dimensions, 0, 2 mm polymerization distance resulted in significantly higher mean 
flexural strength compared to 4 and 8 mm. Polymerization distance did not significantly 
affect the mean flexural strength of specimens prepared according to ISO norms (p>0.05). 
Weibull distribution presented the highest shape (m) for 10-8 mm (24.65), 12-4 mm (14.54), 
15-2 mm (12.32), 25-2 mm (17.56), length-light distance combinations. Specimen 
dimensions prepared in accordance with ISO 4049 do not allow for comparison of the effect 
of light attenuation distance on the flexural strength of resin composite tested. 
 
Key Words: flexural strength, ISO 4049, photo-polymerization, resin composite. 
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1. Introduction 
Over the past decades, dental profession endorsed substantial evolution in the field of resin 
composite materials providing clinicians with an increased array of minimal invasive therapy 
options in restoring teeth. Since dental restorations are routinely subjected to complex intra-
oral forces during natural masticatory function with a considerable amount of flexural 
stresses, [1] resin composite restorations are also expected to have mechanical properties 
to meet the clinical requirements for restorations of both anterior and posterior teeth. In this 
regard, appropriate polymerization of resin composites is essential. Low degrees of 
conversion could reduce physical and mechanical properties, increase solubility, 
microleakage, pulp irritation and discoloration compromising the long-term service of such 
materials. [2-10] The polymerization reaction of resin composite materials mainly depends 
on the absorption of adequate amount of light energy in order to activate the photo-initiator 
molecules, start their collision with the amines and forming free radicals that initiate the 
polymerization. [11] Yet, in some clinical situations, resin composite materials might not be 
ideally accessible to the tip of the photo-polymerization unit. This could be encountered in 
cavities with deep proximal boxes where the gingival floor could be more than 8 mm away 
from the light source, [12] especially with buccal and lingual wall convergence towards the 
occlusal surface. In such a case, light intensity reaching the first increment of the material 
surface, which is typically on the gingival floor, could be strongly attenuated, leading to 
decreased degree of conversion of the resin material, thereby impeding adequate 
polymerization. [13,14] 
International Standards Organization (ISO) norm 4049, [15-16] advocates the flexural 
strength as an important property for screening mechanical properties of resin-based 
materials and predicting their clinical performance upon loading. [17] It is defined as the 
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maximum stress that a material can resist before failure when subjected to bending load. 
[18] Hence, high flexural properties are desirable where heavy masticatory stresses are 
encountered during clinical service. [19] In accordance with ISO 4049 (2000), [16] three-
point flexural strength test necessitates the use of rectangular bar specimens (thickness: 2 
mm, height: 2 mm, length: 25 mm) onto which tensile stresses are exposed. Apart from 
waste of material, large bar-shaped specimens according to the requirements of ISO 4049 
(2000), are challenging to prepare without entrapment of flaws. [1, 20, 21] Furthermore, the 
dimensions required for ISO 4049 are not representative of the clinical restoration options. 
[22] Since the length of the specimen according to the norm exceed the exit window 
diameter of photo-polymerization device tips, that range on average between 7 and 12 mm, 
several overlapping irradiation sequences are required that consequently leads to non-
uniform polymerization of resin composite specimens [23-26] and unreliable flexural 
strength data. [21, 26] Accordingly, smaller size specimen dimensions might be 
representative for clinical restorative scenarios. [8, 25, 27, 28] Yet, advances in new 
polymers and polymerization devices require information on possible effect of specimen 
dimensions on mechanical properties of resins that also relates to other parameters 
associated with polymerization characteristics. 
 The objectives of this study therefore were to investigate the effect of ascending order of 
light attenuation distance on the flexural strength of nano-hybrid resin composite specimens 
prepared with dimensions in accordance with and differing from the ISO 4049 norm (2000). 
The null hypothesis tested was that neither light attenuation distance nor the specimen 
dimensions would affect the flexure strength of the tested material. 
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2. Materials and Methods 
2.1. Specimen Preparation 
Specimens (N=160, n=10 per group) were prepared using a nano-hybrid resin composite 
(Grandio, Shade A2, VOCO GmbH, Couxhaven, Germany) based on bis-phenol A-Glycedyl 
methacrylate (bis-GMA), Urethane dimethacrylate (UDMA), Triethylene glycol 
dimethacrylate (TEGDMA), glass ceramic and SiO2 fillers. The specimens were divided into 
16 groups according to the two experimental factors investigated, namely light attenuation 
distance (0mm, 2mm, 4mm and 8mm) from specimen surface and specimen dimensions 
(2mm x 2mm x 10mm, 2mm x 2mm x 12mm, 2mm x 2mm x 15mm  and 2mm x 2mm x 25 
mm). 
2.2. Preparation of resin composite models 
Initially, resin composite model was prepared in a stainless steel split-mould with central 
rectangular cavity. The stainless steel mould (2mm x 2mm x 25mm) was fixed on a 
polytetrafluoroethylene (PTFE) base covered by a polyester strip (Stripmat, Polydentia, 
Mezzovico, Switzerland). The resin composite was applied into the mould, covered by 
another polyester strip and gently pressed using a glass slide. The glass slide was then 
removed and the resin composite material was photo-polymerizad with 5 overlapping photo-
polymerization cycles using an LED unit (Elipar, 3 M ESPE, St. Pail, USA; tip diameter: 10 
mm; light intensity: 1200 mW/cm2). Thereafter, resin composite model was removed from 
the mould, flashes were eliminated manually using #600 SiC paper (#600, Cumi SiC Paper, 
Moxie Supply, Noida, India), specimen dimensions were verified using a digital caliper 
(Absolute AOS Digimatic, Mitutoyo, Tokyo, Japan). For the other dimensions, the over 
mentioned steps were repeated and the resulted resin composite bars (2mm x 2mm x 
25mm) were reduced to the other respective dimensions (2mm x 2mm x 10mm, 2mm x 
2mm x 12mm and 2mm x 2mm x 15mm) by careful cutting the excess length using low 
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speed diamond coated discs with copious water irrigation. The length of each model was 
verified using the digital caliper. 
 Each resin composite model was fixed on a glass slide using cyanoacrylate adhesive. A 
rectangular metallic mould with internal cavity (height: 6 mm, width: 8 mm, length: 30 mm) 
was used as an impression tray. The metallic piece was fixed over the glass slide and an 
equal amount of the base and the catalyst of the putty mix addition silicone impression 
material was mixed according to manufacturer`s instruction. The mix was packed inside the 
mould and pressed using another glass slide until setting. The metallic piece was removed 
with the impression material (Zhermach Impression System, Zharmach SpA, Badia 
Polesine, Italy), light body was injected around the model and the putty mix was reinserted 
over the light body and gently pressed until complete setting. The impression was removed 
and the excess material was trimmed using surgical blade #11. 
2.3. Preparation of resin composite bars 
Resin composite material was packed inside the respective silicon mould, covered with a 
polyester strip and gently pressed using a glass slide to extrude excess material. The glass 
slide was then removed and for the 2mm x 2mm x 10mm specimens, resin composite was 
photo-polymerized using single photo-polymerization cycle for 20s according to 
manufacturer`s instructions. For the 2mm x 2mm x 12mm specimens, resin composite was 
photo-polymerized with two overlapping cycles from each end of the specimen, of 20s each. 
Specimens with 2mm x 2mm x 15mm dimensions, three photo-polymerization cycles of 20s 
each were used. The first cycle started at the middle of the specimen and the other two 
cycles overlapped the first cycle at the two ends of the specimen in order to cover the whole 
length of the specimen. For the 2mm x 2mm x 25mm specimens, five polymerization cycles 
of 20s each were practiced. The first polymerization cycle started at the middle of the 
specimen and the other four cycles overlapped the first cycle at the two ends of the 
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specimen to cover the whole length of the specimen (Figs 1a-d). In order to standardize the 
distance between the tip of the light source and the specimen, three metallic spacers with 
2mm, 4mm and 8mm thicknesses, having central holes of 8mm width and 25mm length 
were used to control the photo-polymerization of 2mm, 4mm and 8mm distances. For the 
0mm distance, specimens were photo-polymerized directly over the polyester strip (Figs. 
2a-d). Specimens were then wet finished from their length using silicon carbide paper 
(#1000) to remove the resin composite flashes. The specimens were stored in distilled 
water at 37°C for 24 h prior to flexural strength test. 	
2.4. Flexural Strength Test 
Specimens were subjected to three-point flexural strength test in a Universal Testing 
Machine (Lloyd instrument LR 5K series, London, UK) at a crosshead speed of 0.5 mm/min 
until fracture. Four different pairs of supporting metallic rods (diameter: 2mm each) and four 
different distances between each two supporting rods were used established (8mm, 10mm, 
13mm and 20mm for the 10mm, 12mm, 15mm and 25mm length specimens, respectively) 
(Figs. 3a-d). The load was applied at the centre of the top surface of each specimen using a 
third rod (2mm diameter) until failure through a loading jig ending. The maximum fracture 
load (Newton) for each specimen was recorded, and the flexural strength in MPa, was 
calculated according to the following equation:  
Flexure strength = 3FL / 2bd2 
where F was the maximum fracture load in Newton, L was the distance between the two 
supports in mm, b and d were the width and the thickness of the specimens in mm, 
respectively.  
2.5. Statistical Analysis         
Statistical analysis was performed using a statistical software program (SPSS 20.0; SPSS 
Inc., Chicago, IL, USA). Data (MPa) were analyzed using two-way ANOVA where flexural 
	 9 
strength was the dependent parameter and polymerization distance (4 levels: 0,2,4,8 mm) 
and specimen dimensions (4 levels: 2x2x10, 2x2x12, 2x2x15, 2x2x25mm3), as independent 
parameters. Multiple comparisons were made using Tukey`s HSD post hoc test. Maximum 
likelihood estimation without a correction factor was used for 2-parameter Weibull 
distribution, including the Weibull modulus, scale (m) and shape (0), to interpret predictability 
and reliability of adhesion (Minitab Software V.16, State College, PA, USA). P values less 
than 0.05 were considered to be statistically significant in all tests.  
 
3. Results 
Both the light attenuation distance (p˂0.001) and specimen dimensions (p˂0.001) 
significantly affected the mean flexural strength of the resin composite (Table 1). 
Interactions between the two factors were not statistical (p=0.2) 
The increase in distance from the light source (0 to 8 mm) did not affect the mean flexural 
strength within groups with the same dimensions (one-way ANOVA, Tukey`s) (Table 2). 
Specimens with 10 and 12 mm length showed the highest mean values compared to 15 mm 
length specimens at 2 and 4 mm distance (p<0.05).  
Regardless of specimen dimensions, while light attenuation distance of 0 and 2 mm showed 
significantly higher values than those polymerized from distances of 4 and 8 mm (p<0.05), 
this parameter did not significantly affect the mean flexural strength of 25 mm length 
specimens (p>0.05). 
For 10 mm length specimens, polymerization distance of 2 mm presented the highest mean 
flexural strength value, while 8 mm showed significantly the lowest (p<0.05). For 12 and 15 
mm length specimens, 0 mm polymerization distance showed significantly higher mean 
values, while 4 mm and 8 mm showed the lowest.  
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Weibull distribution presented the highest shape (m) for 10-8 mm (24.65), 12-4 mm (14.54), 
15-2 mm (12.32), 25-2 mm (17.56), length-light distance combinations (Table 3). 
 
4. Discussion   
In this study the effect of ascending order of light attenuation distance and specimen 
dimension on the flexural strength of nano-hybrid resin composite was investigated. Since 
both the light source distance and the dimensions affected the results significantly, the null 
hypothesis tested could be rejected. 
One of the major aspects affecting the long-term clinical performance of resin composite 
restorations is their mechanical durability under complex stresses during chewing. [29] 
Reproduction of complex dynamic stresses ex vivo is both challenging and costly but static 
load tests, such as compressive, diametral tensile or flexural strength may help ranking 
material properties prior to clinical trials. [30] Among various static tests, flexural strength 
tests are considered profound to evaluate minor substructure changes between resin 
composite materials compared to compressive test. [31] The ISO 4049 (ISO 2000) [16] 
norm employed in this study requires rectangular prism shaped specimens (width: 2, 
thickness: 2, length: 25 mm) that is loaded at its centre using the knife-edge attachment with 
support span length of 20mm. Unfortunately, such long span specimens could not be 
fabricated free of defects that might adversely affect the ultimate strength. [25] Furthermore, 
the diameter of the photo-polymerization device tip, often ranging from 6 to 12 mm, could 
not achieve complete polymerization of the span in one attempt, similar to most clinical 
conditions. Thus, optimal polymerization of long-span or large surfaces requires overlapping 
polymerization cycles that may expose some areas longer polymerization duration than the 
manufacturer`s suggestion. Consequently, the overlapped areas could be polymerized 
beyond the adjacent ones especially in long span specimens. Accordingly, in this study, 
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specimens in smaller dimensions were practiced in order to overcome such drawbacks of 
the recommended specimen size after ISO 4049 (2000). The choice of 10, 12 and 15 mm 
specimen length, with 8, 10 and 13 mm span length respectively, in this study was based on 
the biometric measurement of the human teeth. [32] In this regard, the 8 mm span length 
represented nearly the maximum mesio-distal width of premolars and canines (8 to 8.03 
mm, respectively). [32] Similarly, the 10 mm span length represented the maximum mesio-
distal width, bucco-lingual and inciso-cervical dimensions for most of the human teeth and 
finally 13 mm span length, the maximum mesio-distal width and bucco-lingual dimension of 
the upper first molar teeth (12.4 mm). [32]  
In this study, the dimension of the specimens showed a significant effect on the flexural 
strength where the shortest length (10 mm) demonstrated the highest flexural strength. 
Shorter span length between the supports during load exposure could decrease bending of 
the specimen, decrease the tensile strength and consequently, could lead to higher flexural 
strength values. Furthermore, the shear stresses could be expressed near the supports that 
showed no significant effect on the flexural strength of large span specimens. [25] When the 
span between supports is short, the flexure strength could express complex stresses as 
compressive, tensile and shear, [25] that might explain the higher flexural strength of the 10 
mm specimen length. On the other hand, the smaller the dimensions of the specimen, the 
more sensitive the flexural strength test to the variations in the light attenuation distance 
from which the material was irradiated, namely increasing the distance led to decrease in 
the flexural strength. Specimen dimensions according to ISO 4049 (2000) [16] could not 
compare the effect of various light distances, which could be attributed to the higher number 
of overlapping polymerization cycles (5 overlaps) compared to other specimen dimensions. 
Thus, the repeated overlaps could mask the influence of light attenuation by increasing the 
distance from the light source.  
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The ideal situation to adequately polymerize resin composite is to place the tip of the 
polymerization device directly in contact with the material [33] that is clinically not realistic. 
The material tested was a nano-hybrid resin composite with filler loading of 87 wt%. As the 
depth of the light penetration through the material is inversely proportioning to the 
penetration coefficient of the material, higher filler loading might lead to more scattering and 
absorption of the light. [34] According to the inverse-square low (intensity is inversely 
proportional to the square distance), the increase in the light distance resulted in the 
decrease in the power density of the photo-polymerization unit. [33, 35] Increasing the 
distance could decrease the overall polymerization of the material, [36] and hence it might 
decrease the flexural strength. [37] In addition, increasing the distance up to 6 mm could 
decrease the polymerization at the bottom compared to upper portions of the resin 
composite implying that increasing the light distance would not allow sufficient light at the 
tensile part of the specimen and eventually decrease the flexure strength of the resin 
composite. 
The use of specimen specifications according to ISO 4049 (2000) [16] could be useful in 
comparing mechanical properties of different resin composites but apparently, the 
dimensions would not allow testing the variable, effect of light attenuation distance on the 
mechanical properties. This could be explained on the grounds that when the specimen is 
loaded, the shear stresses concentrated near the supports that have practically no 
significant effect on the flexural strength when the span length was long as in 25 mm length 
specimens.  
When 10 mm length specimens polymerized from a distance of 0 mm light distance, which 
is clinically not realistic, and loaded at its centre, typically specimens failed at one of their 
edges. This may suggest that the edges of the specimens were not adequately polymerized 
compared to the center of the specimen. In fact, Weibull characteristics clearly denoted that 
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specimen length in relation to light source distance combinations should be considered 
along with overlapping polymerization cycles when optimum photo-polymerization of the 
resin composites is anticipated. Accordingly, ISO 4049 (2000) [16] may be revised and 
specifications for photo-polymerization as a function of light attenuation parameters are to 
be scrutinized for photo-initiated dental polymers. 
 
5. Clinical Relevance  
This study indicated that specimen dimensions prepared in accordance with ISO 4049 do 
not allow for comparison of the effect of light attenuation distance during photo-
polymerization on the flexural strength of resin composite tested. Smaller specimen 
dimensions can reflect the clinical restoration scenarios and also could discriminate the 
variable effect of distance exceeding 0 mm on polymerization of resin composite.  
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Legends to figures and tables: 
Figures: 
Figures. 1a-d. Schematic diagram representing the number and sequence of overlapping 
cycles of photo-polymerization for resin composite specimens with a length of a) 10 mm, b) 
12 mm, c) 15 mm and d) 25 mm. 
Figures. 2a-d. Schematic diagram representing distances from the tip of the photo-
polymerization device and the specimen surface a) 0 mm, b) 2 mm, c) 4 mm, d) 8 mm 
distance. RC = Resin composite specimen in the silicon mould. 
Figures. 3a-d. Schematic representation of span lengths corresponding to a) 10 mm, b) 12 
mm, c) 15 and d) 25 mm length specimens during flexural strength test set-up. 
 
Tables: 
Table 1. Two-Way ANOVA for the effect of light attenuation distance, specimen dimensions 
and their interaction on the flexural strength of nano-hybrid resin composite. 
Table 2. Mean flexural strength ± standard deviations (MPa) of nano-hybrid resin composite 
as a function of specimen length and distance of the polymerization tip to the specimen 
surface.  
Table 3. Weibull characteristics (95% CI) of shape (m) and scale (0) values using maximum 
likelihood estimation, in the order of 0,2,4,8 mm light attenuation distances for the 
specimens with 10, 12, 15 and 25 mm length.  
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Table 1: Two-Way ANOVA for the effect of light attenuation distance, specimen dimensions and their 
interaction on the flexure strength of nano-hybrid resin composite. 
Source Type III Sum of 
Squares 
df Mean Square F Sig. 
Corrected Model 13152.271a 15 876.818 5.388 ˂0.001 
Intercept 2500460.021 1 2500460.021 15366.600 ˂0.001 
Light Distance 4986.153 3 1662.051 10.214 ˂0.001 
Dimension 6137.058 3 2045.686 12.572 ˂0.001 
Distance * Dimension 2029.060 9 225.451 1.386 0.200 
Error 23431.745 144 162.720   
Total 2537044.037 160    
      
Corrected Total 36584.016 159    	
Table 2: Mean flexure strength ± standard deviations (MPa) of nano-hybrid resin composite as a function of specimen 
length and distance of polymerization tip to specimen surface.  
 0 mm 2 mm 4 mm 8 mm Total 
(Dimension) 
10 mm 135.2±14.2 aAB 141.8±13.9 aA 
 
127.2±12.4 aAB 
 
125.4±8.1 aB 
 
132.4±13.6 ¶ 
12 mm 137.5±14.5 aA 
 
127.3±15.9 abAB 
 
118.3±9.3 abB 
 
115.3±13 aB 
 
124.6±15.6 † 
 
15 mm 130.0±13 aA 
 
118.8±10.5 bAB 
 
106.5±12.1 bB 
 
111.8±13.3 aB 
 
116.8±14.8 ‡ 
 
25 mm 127.9±14 aA 
 
130.4±8.6 abA 
 
122.8±12.7 aA 
 
123.9±12.8 aA 
 
126.3±12.8 ¶† 
 
Total  
(Distance) 
132.6±14 ‡ 
 
129.6±14.7 ‡ 
 
118.7±13.7 ¶ 
 
119.1±13.5 ¶  
 
 
Same superscript small letters within each column and capital letters within each raw are not statistically significant. 
For the total dimension and total distance, means with the same superscript symbols within each column, and each 
raw are not statistically significant (α=0.05). 	
Table 3: Weibull characteristics (95% CI) of shape (m) and scale (0) values using maximum likelihood estimation, 
in the order of 0,2,4,8 mm light attenuation distances for the specimens with 10, 12, 15 and 25 mm length. 
 0 mm  
 
2 mm  
 
4 mm  8 mm  
 m 0 m 0 m 0 m 0 
10 mm 11.59 141.2 11.1 148 11.82 132.7 24.65 128.6 
12 mm 10.85 143.8 9.08 134.2 14.54 122.5 11.15 120.7 
15 mm 10.46 135.8 12.32 123.5 9.02 111.9 10.83 117.3 
25 mm 9.46 134.2 17.56 134.3 11.36 128.4 9.56 130.4 	
